and human health, still relatively low attention is put on innovations in micronutrient fertilization [12] . Due to some disadvantages of the application of traditional micronutrient fertilizers (eutrophication, toxicity), there is a need for new innovative preparations that are cheap, biodegradable, and characterized by high bioavailability of nutrients [13] .
Biosorption was described as the ability of the surface of non-living biomass to bind and concentrate metal cations [14] . The biosorption was widely used in wastewater treatment for the purification of water solutions from toxic metals [15] . Different materials were used as biosorbents while macroalgae and microalgae were shown to be characterized by the best sorption properties [16, 17] . Research on the use of the biosorption process in animal feeding currently is underway. The use of biomass of algae enriched with micronutrient ions as an alternative for traditional micronutrient products (inorganic salts and cheaters). It was shown that the application of micronutrient feed additivesinstead of inorganic salts and chelates -led to the biofortification of animal meat, milk, or eggs with micronutrients [18, 19] . There is also some research describing the application of different types of biomass (peat, compost, berries, seeds) enriched with micronutrients as potential micronutrient biocomponents [20, 21] .
The aim of the present work was to examine the possible application of algae biomass enriched with zinc ions in the biofortification of Lepidium sativum in comparison with commonly used inorganic salts and chelates.
Experimental Procedures

Sample Preparation
For the biosorption experiments, three types of algae biomass were used: macroalgae Fucus sp. (Fucus), Baltic seaweed (Seaweeds) collected from the Baltic coast during summertime, and postextraction residues (Residues) after supercritical CO 2 extraction conducted on these seaweeds. The biosorption of zinc(II) ions by biological materials was conducted in batch mode in stirred tank reactors (60 L). The concentration of Zn(II) ions (as ZnSO 4 ·7H 2 O (Chempur, Poland)) in the solution was 300 mg/L, pH 5 measured in 25ºC with the use of a Mettler Toledo SevenMulti pH meter, Switzerland. The concentration of the biomass was 1.0 g of dry mass (DM)/L according to our previous studies [22] . After the experiment, the solution was then filtered and the biomass was air-dried. The content of elements in the enriched biomass was examined by ICP-OES.
Germination Tests
The aim of experiments was to evaluate the effect of different types of algae biomass enriched with Zn(II) ions in the biosorption process on the germination of seeds and element content of germinated plants, when compared with the control groups of deionized water, cheated, and inorganic salt. Doses of Zn(II) used in the experiment varied from 1.0 to 6.0 mg/Petri dish (four different doses) for each fertilizer. On this basis, the optimal dose of Zn(II) in the fertilizer was chosen. Five types of fertilizer components were used: macroalgae enriched with Zn(II) ions -Baltic seaweed (Baltic Seaweed-Zn), post-extraction residues (Residues-Zn), Fucus sp. (Fucus-Zn), Zn-EDTA chelate (Symposia Zn, Anwil, Poland), and ZnSO 4 ·7H 2 O (Chempur, Poland). To compare the fertilizer properties, germination tests were performed on garden cress Lepidium sativum according to the international norm (the International Seed Testing Association). Plastic Petri dishes covered with cotton (approximately 5.0 g) soaked with deionized water were prepared. On each dish, 50 seeds of garden cress were placed in rows at equal distances from each other. In the next step seeds were subjected to stratification at 1ºC for three days. After stratification, appropriate amounts of particular fertilizer were spread evenly on Petri dishes. Each probe was taken in triplicate. Germination tests were performed in a seed germinator (Jacobsen J120/OS) at 25ºC for 10 days after stratification. Plants were watered with 5 ml of deionized water during germination test. After the experiment the plant yield from each plate was dried to the constant weight, mineralized, and multielemental analysis by ICP-OES was carried out (three measurements of each probe).
Analytical Methods
Baltic Seaweeds-Zn, Residues-Zn, and Fucus-Zn (0.5 g), and germinated plant (whole mass from the plate) were purified from organic matter with concentrated nitric acid -69% m/m (5 ml), spectrally pure (Suprapur, Merck, USA) in teflon bombs in a Milestone Start D microwave oven (USA). The select parameters of the process assured the complete digestion of samples. After mineralization, samples were diluted 10 times with re-demineralized water (Millipore Simplicity) and underwent multielemental analysis. The concentration of elements in digested biomass was determined by ICP-OES Varian-Vista MPX (Australia), equipped with an ultrasonic nebulizer CETAC U5000AT+. The analyses were carried out in a Laboratory Accredited by the Polish Centre of Accreditation (PCA) according to PN-EN ISO/IEC 17025:2005. Quality assurance of the test results was achieved by using Combined Quality Control Standard from Ultra Scientific, USA. The samples were analyzed in three repeats (the reported results of analyses were arithmetic mean, the relative standard deviation was <5%).
Statistical Analysis
Obtained results were statistically elaborated upon using Statistica software v. 9.0. Normality of the distribution was tested with the use of Shapiro-Wilk Test. BrownForsyth test was used for the analysis of homogenity of variance for normal distribution. In the groups that fulfilled the condition of homogenity of variance, an F-test was conducted. Statistical tests for other-than-normal distribution were carried out using Kruskal-Wallis test. It was assumed that the results were statistically significant at p<0.05 and significant at p<0.1.
Results
The element content of different types of biomass enriched with zinc(II) ions in the biosorption process is presented in Table 1 . The highest biosorption capacity for zinc(II) ions was observed for Fucus sp. and it was evaluated as 6%. It was twice higher than biosorption capacity of Baltic Seaweeds and Residues. Multielemental analysis showed that macroalgae enriched with zinc(II) ions constituted a source of significant amounts of elements important for plants such as iron, calcium, sulfur, and potassium. After biosorption there is a visible Ca, K, and Mg content decrease (except Residues), in which alkali metals were exchanged with micronutrients (biosorption due to ion exchange).
The influence of different methods of micronutrient fertilization on the mass and content of Zn, Cu, Fe, K, and Ca are presented in Table 2 (elements with normal distribution in statistical result analysis). In Table 3 content of Mn, Mg, Na, S, and Si (elements with other-than-normal distribution in statistical result analysis) is presented. It was shown that increasing doses of zinc led to the increase of plant mass and zinc content. For most cases statistically significant differences were found in zinc, potassium, and calcium content in plants. In Table 2 the antagonism between Zn/Fe, Zn/Mn, and Zn/Ca is visible; with increasing zinc doses, decreases of Fe, MN, and Ca content in plants was obtained. Zinc was changed with these ions due to biosorption. Analysis of changes in plant mass in relation to different zinc doses enabled us to find optimal doses of zinc for the fertilization of Lepidium sativum (4 mg Zn/dish).
The most important correlations between elements in plants are presented in Table 4 . The positive correlation between zinc and plant mass was observed (0.55). The existence of negative correlations between zinc and other cationic elements such as Ca (-0.68), K (-0.62), Na (-0.61), Mg (-0.51), and Mn (-0.50) was found. It confirms observations about antagonism between these elements and zinc, and explains the influence of ion exchange during biosorption, which is also related to these ions. Table 5 presents the comparison of element correlations for plants fertilized with traditional fertilizer and with the use of new components with micronutrients. It can be observed that the application of biocomponents with zinc slightly increased some positive correlations between substantial elements, while negative relationships were weakened. Algae components increased the correlation between Mn and Mg and between S and Si. Also, correlation between Fe and Cu was improved. Reduction of antagonistic influence of zinc on Ca, K, Na, and S also was remarkable. The content of Zn(II) in plants fertilized with different zinc components is shown in Fig. 1 The best effect was achieved for Fucus-Zn while the weakest biofortification was obtained for Zn-EDTA. As was presented in Fig. 2 , Transfer Factor of Zn(II) was inversely correlated with Zn(II) dose. This means that the assimilation of micronutrients by plants decreases with increasing doses. The dependence between zinc dose and mass of plant is presented in Fig. 3 . The highest values of plant mass were obtained for dose 4 mg Zn/dish. Further increasing of zinc dose led to a decrease of plant mass. Taking into account the impact of different zinc doses on the mass of plant and micronutrient content, it can be deduced that 4 mg Zn per dish is the best dose for micronutrient biofortification of Lepidium sativum.
Discussion
In the present study, it was observed that zinc fertilization with the use of different fertilizer biocomponents led to biofortification of plants. Six experimental groups (Baltic Seaweed, Residues, Fucus and the control groups: Znchelate, inorganic salt, and untreated) were tested in triplicate as fertilizer materials. The biomass from each plate was collected separately, and multielemental composition was analyzed (also in triplicate; N=54).
The biosorption of the three different types of algae biomass led to the enrichment of biological material with zinc. The biomass of Fucus sp. was shown to be the most efficient biosorbent. Zn(II) content in Baltic Seaweed and Residues was two times lower (30,100 and 29,700 mg/kg respectively). The comparable biosorption capacity of Baltic Seaweed and Residues suggests that extraction procedures did not significantly affect the sorption capacity of biological material. It also confirms that the surface of the biomass (cell wall) mainly participates in the biosorption process. All tested materials were shown to be a rich source of other micro-and macronutrients, especially Fe, Ca, S, Mg, and K (Table 1) . It was proved that increasing zinc doses led to increased plant mass and zinc content in plants ( Table 2 , Fig. 1 ). The differences in plant yield between groups in the experiment were also observed ( Table 2) . The mass of plants fertilized with zinc was higher than in the control group (0.0706 g) in all groups fertilized with 4 and 6 mg per dish besides Zn-EDTA and Inorganic salt at 6 mg dose (0.0662 g and 0.0703 g). The conducted experiments showed that zinc fertilization with the use of FucusZn was the most efficient, while Zn-EDTA was characterized by the lowest transfer of Zn(II) ions. Fig. 2 shows that the transfer factor of Zn(II) decreased with increasing zinc doses. It showed that overfertilization leads to lower assimilation of nutrients by plants.
Conducted experiments showed that there is a positive correlation between plant mass (0.55) and Zn dose (Table 4) . Zinc is one of the most important micronutrients and plays an important role as catalyst, structural, and regulatory ion, being necessary for various biochemical reactions and physiological functions such as photosynthesis, respiration, and chlorophyll biosynthesis [23] , and as it was shown has influence on plant mass. i,q,z,aj,aq,ax,bd,bm,bt,ci, cm,cr,cx,dh,dj,dk,dn,do,dp,dq pendent of zinc fertilization (it was observed for traditional zinc fertilizers and new biocomponents). It can be explained by the participation of zinc in the synthesis of plant growth hormones [24] . The statistical analysis of multielement content of plants showed the presence of some element interdependencies. Zinc was negatively correlated with Ca (-0.68), K (-0.62), Na (-0.61), Mg (-0.51), and Mn (-0.50) ( Table 4) . It can be explained by the divalent character of these cations and their mutual competition as a result of this feature or removal of these ions during the biosorption process.
Alkali metal ions were exchanged with zinc ions during biodorption (Table 1 ). In Table 2 antagonism between Zn/Fe, Zn/Mn, Zn/Ca is also visible -with increased zinc doses came decreases in Fe, Mn, and Ca.
Very strong positive relationships were found between: K/Na, Fe/Si (0.94)> Mn/Si (0.93) > Ca/K (0.88) > Fe/Mn (0.87) > Al/Fe (0.86) > Ca/Na (0.85)> Si/Al (0.82) > Mn/Al (0.76) > Si/Ca (0.73). The roles of K, Mg, and Ca in plant metabolism and interdependencies between these macronutrients were also described in the literature [25] . The strong correlation between trivalent ions such as Al 3+ and Fe 
3+
